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Results  are  shown of d ig i ta l -computer  calculat ions per ta ining to the acoust ic  p roper t i e s  of 
subsonic jets ,  by a method proposed  ea r l i e r  in [1, 2]. The gasdynamic and turbulence p a r a -  
me te r s  of a jet, needed for  calculating the acoust ic  radiation, have been determined before-  
hand. 

A method has been proposed  in [1, 2] for  calculating the noise intensi ty in the acoustic field of a 
subsonic turbulent jet. An express ion  for  the noise intensity at any point in the field of a subsonic i so the r -  
mal jet  of an ideal gas  can, on the bas is  of [1, 2], be written as  

-$r ~ / fr0- ;~ (1) 

where, according to [2], the direct ivi ty  fac tor  4~ is given by the formula  
- _ >  

~ o(an) 
(I) = t -- !\~ cosa (2) 

a o O'v 

I-Iere A~ is the radius vec tor  between the point in a moving vortex region of a turbulent jet  and the center  
of this region (the lat ter  shifts during the motion of the vortex), and r = t - - t r0 - - r l / a  0. 

According to (1), the noise intensity in the acoust ic  field of a je t  is determined by the gasdynamic and 
turbulence p a r a m e t e r s  of that jet. Information about all  these p a r a m e t e r s  can be found in [3-8] et  al. The 
determinat ion of some of them, however, requi res  a few additional stipulations. 

Determinat ion of P a r a m e t e r s  5t and $. The in t r ins ic  time lag should be defined as 5t = L / a .  Here 
a = a o / $  denotes the veloci ty at which acoust ic  waves t ravel  relative to the vor tex region ~2, the lat ter  

moving at the convection velocity, and a is  thus a function of the observat ion angle; L --_j(L2(~) denotes 
the m e a n - o v e r - t h e - r e g i o n  distance f rom points in that region ~ to the sphere of radius r0--r  c. An est imate  
of this quantity based on simple geomet r ica l  considerat ions  yields 

2]/-2 21 2- " 

Thus, the charac te r i s t i c  value of the in t r ins ic  time lag can be expressed  as 

(St = k~L~ (3) 
aoq) 

where 

L- 1 L r . .<~ kl-< 1 

The following empi r ica l  relat ions for the integral  scale fac tors  of turbulence have been obtained in [3]: 

L x = O.13x, L,. = 0.036x. (4) 

On the basis  of the tes t  curves  in [4], it has been found that Lx = 0.1x and Lr  = 0.045x is  where the turbulent 
veloci ty  fluctuations in a je t  a re  maximum. With these relat ions,  then, an approximate es t imate  for k i in 
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Fig. 1. Di rec t iv i ty  c h a r a c t e r i s t i c s  of 
noise in j e t s  with var ious  va lues  of the 
Mach number  at  I~d = 65ra :  Ma = 0.12 
(1), 0.223 (2), 0.312 (3), 0.435 (4), 
0.590 (5), 0.900 (6): (a) calcula ted a c -  
cording to Eq. (12), (b) calcula ted a c -  
cording to the f a r - f i e l d  formula ,  (c) t e s t  
data according  to [9], (d) r e s u l t s  f r o m  
[10] r eca lcu la t ed  f r o m  1~01 = 240ra to 
I~1  : 65ra. L (dB), fl(~ 

fo rmula  (3) would be 0.095 < k 1 < 0.353. 

The c h a r a c t e r i s t i c  value of the d i rec t iv i ty  fac tor  for  a vor tex  region should, ju s t  as  the character_ is t ic  
value of St, be defined in t e r m s  of the r m s  value of r ove r  region t2 ( inasmuch as  the mean value of A,7 in 
region~2andthe meanva lue  of 5t a r e  both equal  to zero).  With (2) taken into account,  we have 

| = I 1 +-. 
\ ao l J  

This e x p r e s s i o n  is  the same  as  the one der ived  by J.  E. F. Wil l iams in [51. 

Volume of Vor tex  Region and Time Scale F a c t o r s  of Turbulence.  The c h a r a c t e r i s t i c  volume of a 
vor t ex  reg ion  is  defined in t e r m s  of in tegra l  turbulence scale  fac tors .  No t e s t  data a re  avai lable  on the 
sca le  f ac to r s  of tangent ia l  turbulence,  but, inasmuch as  rad ia l  and tangential  f luctuat ions of veloci ty  a re  
of  the same  o r d e r  of magnitude [4], one may  es t ima te  L+p ~ Lr .  Then, obviously,  

= k~L~L~. (6) 

On the assumption that  the shape of a vor t ex  region i s  nea r l y  e l l ipsoidal ,  i t  follows that  k 2 " 4. 

The c h a r a c t e r i s t i c  t ime scale  of turbulence,  in coord ina tes  moving a t  the convection veloci ty  of 
vo r t i ce s ,  has  been defined in [3] on the bas i s  of s p a c e - t i m e  co r r e l a t i on  cu rves  of ve loc i ty  f luctuations in 
a jet.  The following e m p i r i c a l  re la t ion  for  the c h a r a c t e r i s t i c  angular  f requency  has  been p roposed  in [3]: 

1 6U 
~ m =  3 Or (7) 

and was used  in this  ana lys i s .  

It  i s  well  known that  the c h a r a c t e r i s t i c  f requency  of ve loc i ty  f luctuat ions is  much higher  in s t a t ionary  
coord ina tes  than in coord ina tes  moving at the convect ion veloci ty.  The f requency in s ta t ionary  coordina tes  
w s should be defined, ia  the same  way as  ~ m ,  on the bas i s  of the au tocor re la t ion  curve  (as a r e c i p r o c a l  of 
the t ime within which the co r r e l a t i on  in the given coord ina tes  d imin ishes  by a f ac to r  e). On the bas i s  of 
co r r e l a t i ons  shown in [6], the acous t ic  c h a r a c t e r i s t i c s  were  ca lcula ted  here  with w s = 3r m. 

Ave rage -Ve loc i t y  Gradient  and Veloci ty  of Vortex Convection. The a v e r a g e - v e l o c i t y  prof i le  of the 
boundary l a y e r  in the ini t ial  zone and in the t ransi t ion zone of a jet ,  der ived  in [7] on the bas i s  of t e s t  data 
f r o m  va r ious  sources ,  was approx ima ted  here  as  follows: 

U 
. . . .  err (1.5~ ~ + 0,4~), 
uo 

where 

r r a 
=--3.7z+0.534, z=(~ 
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30" Fig.  2. C u r v e s  of  equal  no ise  l eve l s  in 
the acous t i c  f ie ld  of  a j e t  with Ma = 0.8: 
ca l cu la t ed  a c c o r d i n g  to f o r m u l a  (12) (solid 

zg" l ines) ,  a c c o r d i n g  to t e s t  dam ia [1I] 
dashed  lines). 

f O  ~ 

F r o m  this  fo l lows an e x p r e s s i o n  fo r  the a v e r a g e - v e l o c i t y  g r ad i en t  in the in i t ia l  zone and in the t r ans i t i on  
zone: 

0 U 6.4cr 
0-~- Ua V~x  (3~ + 0.4) exp [--  (1.5~ 2 + 0.4~)2]. (8) 

~8 P a r a m e t e r  cr a c c o u n t s  f o r  the c o m p r e s s i b i l i t y  of  a gas .  A c c o r d i n g  to the data in t ], i t  has  been a s s u m e d  
he re  tha t  

= 1 + 0.23M a. 

The t e s t  data in [7] p e r t a i n i n g  to the a v e r a g e - v e l o c i t y  p ro f i l e  of  the ma in  zone,  r e f e r r e d  to ve loc i t y  U m at  
the j e t  ax is ,  were  a p p r o x i m a t e d  by the cu rve  

U r 
- -  = erf(~), ~ = 37.1z 2 -  15.23z+ 1.603, z =  ~ - - .  
Um x 

Cons ide r i ng  that  Um = Ua (xt/x), we have fo r  the a v e r a g e - v e l o c i t y  g r ad i en t  in the main  zone:  

0 U 20.7 ~xt (7.18z-- 1.473)exp(--~'2). 
Or U~ = - -  ~ ~ x 2 (9) 

In the main  zone of  a j e t  U c / U m  = 0.5. 

The ve loc i t y  of  vo r t ex  convec t ion  in the in i t ia l  zone was  m e a s u r e d  i n  [3]. The fol lowing po lynomia l  
a p p r o x i m a t e s  the data:  

uc 
U~- = 0.584 - -  2.619z - -  7.8z 2 + 52.7z 3. 

In tens i ty  of  Turbulen t  Ve loc i ty  F luc tua t ions .  I n fo rma t ion  about  the in t ens i ty  of  tu rbulen t  ve loc i ty  
f luc tua t ions  in a j e t  can be found in [3, 4, 7, 8] et  al. The m o s t  comple te  data were  given in [4], c o v e r i n g  
the r e s u l t s  of  mul t ipo in t  m e a s u r e m e n t s  of  f luc tua t ing  ve loc i t y  componen t s  at  13 d i f fe ren t  j e t  s ec t i ons  fo r  
U a = 100 m / s e c .  R e p r e s e n t i n g  the m e a s u r e d  va lues  in d i m e n s i o n l e s s  coo rd ina t e s ,  E. V. Vlasov  [4] obta ined  
u n i v e r s a l  c u r v e s  fo r  the f luc tua t Ing  componen t s  in the ini t ia l  zone a s  well  a s  in the ou t e r  r eg ions  of  both the 
t r ans i t i on  and the main  zone.  The in t ens i ty  of  r ad i a l  v e l o c i t y  f luc tua t ions  in these  r eg ions ,  where  they  can 
be d e s c r i b e d  by u n i v e r s a l  c u r v e s ,  i s  def ined as  

V =zo ~ I .or  (11) 
E x p r e s s i o n s  fo r  the mix ing  length l v a r e  de r ived  by c o m p a r i n g  the r e s u l t s  of  ca l cu la t ions  a c c o r d i n g  to 
f o r m u l a s  (8), (9), and (11) with the r e s u l t s  in [4]. F o r  the i nne r  r eg ion  of  the in i t ia l  zone,  where  --0.125 
<- z -< 0 and 0 -< x -< x i, i t  has  been  a s s u m e d  that  

l, = x (2.70z 2 - -  0.063z + 0.019). 

F o r  the ou t e r  r eg i ons  of  both the in i t ia l  and the t r ans i t i on  zone,  where  0 -< z - 0.144 and 0 -< x -< x t, 

l,, = x (--  0.083z + 0.019). 
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Fig. 3. Acous t ic -mechanica l  fac tor  of a je t  as  a function of the 
Much number:  calculated according to formula  (13) (curve), data 
f rom [9] (points). 

Fig. 4. Relat ive acoust ic  power  Nac % of a jet  segment  of length 
x: calculated for Ma = 0.312 at Ir01 = 65ra (solid line), according 
to data in [12] (dashed line), according to data in [13] (dashed- 
dotted line). 

For  the outer  region of the main zone with the surface z = 1/x t r egarded  as the inner boundary, according 
to tes t  data in [4], 

l, = x (-- 0,0665z q- 0,0203); 

and, moreover ,  1/x t ~ z -< 0.22, x >-: xt. For  the inner  region of the main zone (0 -< z - 1/x t, x - xt) the 
quantity ~ was considered constant over  the section and equal to its value at z = 1/xt. For  the inner 
region of the t ransi t ion zone, where 0 - r ~ ra and x i ~ x <- x t, the quantity v~-~was approximated by the 
following relat ion l inear  with r e spec t  to x and r:  

F / ~ =  [(0,1633 --0,0132x) r q- 0,0132x - -  0,0553] U:. 

In our  calculat ions we as sumed  x i = 8ra and xt = 12ra. 

Noise Levels in the Acoustic Field of a Jet.  With the aid of re lat ions (3)-(7), express ion (1) for  the 
noise intensi ty at any point in the acoust ic  field of a je t  is  t r ans fo rmed  into 

to )2 xSrdrd~dx 

J.J~0r  uo/~ G / ~ r  _71 ~ (12) 

The value of the numer ica l  coefficient C is  de termined f rom the fac tor  in front of integral  (1) and the 
exper imenta l  re la t ions for  Lr ,  Lx: 

1 2 3 LrLx 
324~ ~ x 5 

The value of constant  K = klk ~ should be within the l lmits  defined by the values of k 1 and k2: 

0,036 < K <  0,50. 
The noise intensi ty in ' the acoust ic  field of a jet  was calculated according to formula  (12), with the aid of 
re lat ions (8)-(11). The value of K was found by a compar i son  between calculated noise levels  and test  data 
in [9] for  a jet with the Much number  Ma = 0.312 at I~01 = 65ra and ~ = 90 ~ This value K = 0.076 (for C = 0.63 
�9 10 -9) concurs  with the initial es t imate  for  K. The calculated noise levels  agree c losely  with the data in [9] over  
a wide range of Ma values.  This is shown in Fig. 1, where noise levels at  a c i rc le  of radius I~ol = 65ra 
have been calculated according  to Eq. (12) with var ious  values of the Much number and also for  the far  field 
according t e a  formula der ived f r o m  Eq. (12) by changing I~--r~ to I~01 and c o s ~  = (Xo--X)/l~0--~ to cos~ 
= x0/l~0L It can be seen that both Eq. (12) and the fa r - f ie ld  formula  yield not ve ry  different direct ivi ty 
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pat te rns  of acoustic radiation, which agree with the test  data in [9, 10], as the distance Irol decreases ,  the 
effect  of the jet length on the direct ivi ty  pat tern  becomes  more  pronounced. 

The noise levels calculated at var ious  dis tances in the acoust ic  field of a jet  with Ma = 0.8 are  shown 
in Fig. 2 and compared  there with test  values obtained in [11]. Since not the absolute r m s  values of p r e s -  
sure fluctuations were given in [11] but voltages r ecorded  in mill ivolts,  hence the test  dmta f rom [11] had 
been plotted here in the fo rm of equilevel curves.  These curves  were then superposed o~l the calculated 
curves  at one field points with the coordinates  I~01 = 60ra and fi = 90 ~ The calculated noise levels were 
found to come close to the measured  noise levels  over  the entire range of coordinates  ~r01 and ~ covered 
in [11]. 

Acoustic  :Power in Various Zones of a Jet.  
according to the formula  

l ] a c  ~ 

This fac tor  has been plotted in Fig. 3 as a function of the Much number ,  and the acoust ic  component of 
radiation in the var ious  jet zones can then be determined f rom Fig. 4. According to such calculations,  

The acous t ic - -mechanica l  fac tor  of a jet  is calculated 

4 i7012 .I I (~) sin~d~ 
0 (13) 

90% of the acoust ic  energy  is  radiated within a jet  zone 12 d iameters  long beginning f rom the nozzle throat. 
Moreover ,  the initial zone and the transi t ion zone, compris ing the f i r s t  jet  segment 6 d iameters  long, 
radiate 60% of the total energy.  The acoust ic  power per  unit length is a lmost  constant  in these two zones, 
but dec reases  as (xt/x) G in the main zone -- according to formula  (8) and along with (0/0r) (U/Ua) 6 under 
the integral  in (12). Numerical  computations have shown, at the same time, that acoust ica l ly  most  active 
is the jet region at the beginning of the main zone between sections x = 12ra and x = 14ra0 where 2070 of 
the total energy  is radiated. The high acoust ic  activi ty of this segment  resu l t s  f rom the intensi ty of turbu-  
lent mixing, which is maximum here,  and f rom (xt/x) 6 remaining close to unity throughout this segment. 

The resul ts  of computations shown here r e fe r  to je ts  with the Much number  below unity. On the basis  
of this jet  model, however, the range of the Much number  may be extended somewhat, if additional in forma-  
tion about jet  turbulence under such conditions is given. Formula  (2) for  calculating the noise intensity is 
not applicable to jets  with the Much number  Ma 2 or  higher, because it has been derived on the assumption 
of an ideal incompress ib le  gas. 

The method of calculation proposed  in [1, 2] and here yields the noise intensity at any point in the 
acoust ic  field of a jet,  except in the near  field with predominat ing hydrodynamic fluctuations. A compar ison  
between calculated and measured  values indicates a sa t i s fac tory  agreement  at dis tances beyond 2-4 dia-  
me te r s  away f rom the nominal jet  boundary. 

N O T A T I O N  

r is the radius vector;  
x, r are  the cyl indrical  coordinates  coupled to a jet with axial symmet ry ;  
fl is  the angle between vector  r 0 and the jet  axis;  
U is the mean longitudinal velocity;  
U c is the veloci ty of vor tex convection; 
v ~ is the radial  fluctuation component of velocity;  
p is the density of gas;  
a is the veloci ty  of sound; 
Ma is the Much number;  
W is the volume of boundary layer  of a jet;  
xi is the absc i ssa  of the end of the initial zone; 
x t is  the absc issa  of the end of the transi t ion zone; 

is the charac te r i s t i c  volume of the vortex region; 
L x, L r .  L are  the longitudinal, radial ,  and tangential integral  scale fac tors  of turbulence; 

" 2  " L n = ~ l /2 (L~  + Lr);  
w s, c~ m are  the charac te r i s t i c  f requencies  in s ta t ionary andin moving coordinates  respect ively;  
5t is the charac te r i s t i c  in t r ins ic  time lag; 
n = ro - - r / I ro - - r l ;  -~ 
c o s  a = X o - - x / I r o - - r  I; 
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Um 
M e = Uc/a0; 
I 
L 

T/ac 

is the veloci ty  at the je t  axis;  

is the noise intensity;  
is  the intensi ty  level  (dB); 
is the acous t ic - -mechanica l  factor .  

S u b s c r i p t s  

0 r e f e r s  to an unper turbed medium; 
a r e f e r s  to nozzle throat  section; 
c r e f e r s  to cen te r  of vor tex  region;  
Dash above a symbol indicates average value. 
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